Purpose: Since the early 1990s, Dor Yeshorim (DY) and the Mount Sinai School of Medicine (MSSM) have conducted premarital and prenatal carrier screening for cystic fibrosis (CF) in the Ashkenazi Jewish (AJ) population as part of their genetic testing programs, respectively. Together, over 170,000 screenees have been tested. In this study, we report the CF mutation frequencies in over 110,000 screenees who reportedly were of 100% AJ descent from the DY program and MSSM. In addition, the CF mutation frequencies in a group of Ͼ 7,000 screenees for AJ diseases who were of Ͻ 100% AJ descent are reported. Methods: Testing for CF mutations was performed by either PCR and restriction digestion or ASO hybridization analyses at MSSM or sent to various academic and commercial laboratories by DY. Results: The overall (and individual) carrier frequency for the five common AJ mutations, W1282X (0.020), ⌬F508 (0.012), G542X (0.0024), 3849ϩ10kb CϾT (0.0020), and N1303K (0.0016), among screenees who were 100% AJ was 1 in 26; when D1152H and the rare 1717-1GϾA were included, the overall carrier frequency increased to Ϸ1 in 23. In four families with D1152H, five compound heterozygotes for D1152H and W1282X (n ϭ 2), ⌬F508 (1) or 3849ϩ10kb CϾT (1) were identified. In contrast, the carrier frequency for screenees reporting Ͻ 100% AJ descent was Ϸ1 in 30 for the seven mutations. Conclusions: The carrier frequency for five common CF mutations in a large 100% AJ sample increased from 1 in 26 to 1 in 23 when D1152H was included in the panel. Addition of D1152H to mutation panels when screening the AJ population should be considered because compound heterozygosity is associated with a variable disease phenotype. Further studies to delineate the phenotype of CF patients with this mutation are needed. Genet Med 2004:6(5):415-420.
Cystic fibrosis (CF) is one of the most common recessively inherited severe disorders among Caucasians. The disease results from mutations in the CF transmembrane conductance regulator (CFTR) gene and over 1000 different mutations have been identified. 1 Among these, the ⌬F508 mutation is the most common with frequencies ranging from 18% to 88% in different ethnic, demographic, and racial groups. 2 Carrier screening for common CFTR mutations in Caucasians have revealed frequencies from Ϸ1 in 20 to 1 in 40, depending on the ethnic group. 3 Ideally, carrier detection programs are limited to disorders in which the detectability of carriers is Ͼ 90% to 95%. 4 However, this was not possible for CF in most ethnic groups without screening for a burdensome number of mutations. Although the demand for screening was great, widespread population screening was not actually recommended by the American College of Obstetrics and Gynecology (ACOG) and American College of Medical Genetics (ACMG) until 2001. 5 Based on a frequency of at least 0.1% of mutant alleles in a large CF patient database, a panel of 25 mutations was recommended even though the sensitivity was still below 90% in most ethnic groups. 6 The results of screening with this mutation panel were reviewed in 2002 7 and most recently, in this issue. 8 The Ashkenazi Jewish (AJ) population represents a unique group for genetic screening as common mutations occur in prevalent recessive diseases due to founder effect and/or selection. 9, 10 With regard to CF, five CFTR mutations (W1282X, ⌬F508, G542X, 3849ϩ10kb CϾT, N1303K) account for 97% of the mutant alleles in AJ CF patients. 11 This population has a very high acceptance rate for genetic screening and has had a positive experience with carrier screening, beginning with TaySachs disease in 1970. 12, 13 In this study, we report our experiences with CF carrier screening in the AJ population using two different approaches: premarital (Dor Yeshorim, DY) and prenatal screening (Mount Sinai School of Medicine, MSSM). DY, which was founded in 1983 to meet the unique concerns of the Orthodox Jewish community, began premarital screening in 1983 for Tay-Sachs. 14 CF was added to their premarital testing panel in 1993. 15 The Genetic Testing Laboratory at MSSM has been conducting prenatal CF carrier screening since 1992 and has performed over 60,000 CF tests. 16 Both programs initially screened for five, reported common AJ mutations (W1282X, ⌬F508, G542X, 3849ϩ10kb CϾT, N1303K). 11 In 2000, DY observed the presence of the D1152H CF mutation in the AJ population and, therefore, added this mutation along with 1717-1 GϾA to its routine AJ screening panel. At that time it was thought that 1717-1 GϾA may be a common AJ mutation. In addition, DY screened Ϸ7,000 100% AJ individuals for up to 87 CF mutations. In 2001, MSSM began screening the AJ population for the remaining 25 ACMG recommended panethnic mutations along with D1152H.
MATERIALS AND METHODS

Screenees
The participants in the DY program presented in this study were tested for CF between January 1993 through December 2003 and were 100% AJ. DY samples were coordinated through two centers in Brooklyn, NY and Jerusalem, Israel. Approximately 45% of the samples were from the greater New York metropolitan area, Ϸ5% were from the rest of North America, Ϸ45% were from Israel, and the remaining 5% were primarily from Europe.
The screenees included in the MSSM study represent a subset of patients who were referred to our laboratory from 1997 through March of 2004 for prenatal CF carrier screening and identified themselves as 100% AJ. For the majority of these screenees, both members of a couple were tested. In addition, a second MSSM subset included 7393 screenees who reported Ͻ 100% AJ descent or did not indicate ethnic origin, but also requested testing for at least one other AJ recessive disease. The second subset was tested for the 25 ACMG recommended CFTR panethnic mutation panel and D1152H.
Mutation analysis
DY screening was performed at several laboratories including the Kleeberg DNA Laboratory of the Baylor College of Medicine, Houston, Texas; Genzyme Genetics, Westborough, Massachusetts; Hadassah Hospital/Hebrew University, Jerusalem, Israel; Integrated Genetics, Framingham, Massachusetts; MSSM, New York, New York; and Cellmark Diagnostics, United Kingdom. The laboratories can be contacted directly for specific DNA analysis protocols. For the DY cohort, all individuals were initially tested for five mutations (W1282X, ⌬F508, G542X, 3849ϩ10kb CϾT, N1303K). Subsequently, the DY panel was increased to seven with the addition of D1152H and 1717-1GϾA. Other mutations were screened (12 to 87) in an additional subset of 7,111 100% AJ individuals to determine other mutation frequencies. In addition to the individuals tested for CF, over 13,000 control samples with known genotypes were blindly analyzed at these laboratories for quality assurance.
At MSSM, for the period January 1997 through December 2000 for which data and ethnic information are available, five mutations (W1282X, ⌬F508, G542X, 3849ϩ10kb CϾT, N1303K) were analyzed by PCR amplification and restriction enzyme analyses. From January 2001, the panel was expanded to 26 mutations (the ACMG recommended panethnic panel plus D1152H). Testing was performed by multiplex PCR amplification and allele specific hybridization analyses. 17 Table 1 summarizes the number of 100% AJ screenees tested and the number and frequency for each of the seven routinely tested CF mutations among these individuals in the DY and MSSM programs as well as the combined mutation frequencies and the frequencies of these mutations in two previous studies. The carrier frequency for all seven mutations was 1 in 22.8 and 1 in 22.9 among the DY and MSSM screenees, respectively, for a combined overall frequency of 1 in 22.8 (or 0.0438). In both programs, the frequency of each mutation was remarkably similar. W1282X was most frequently detected by both programs with a carrier frequency of Ϸ1 in 50 (or Ϸ0.020). ⌬F508 was second most frequent, found in Ϸ1 in 82 individuals tested (0.012). Of note, the third most common mutation, D1152H, was detected in about 1 in 190 of the 44,530 screenees tested (0.0053). This mutation was the most recently added to the panels of both programs. The G542X, 3849ϩ10 kb CϾT, and N1303K were tested in over 117,000 screenees and occurred at similar frequencies in both programs, with overall detection rates of 1 in 413 (0.0024), 1 in 490 (0.0020), and 1 in 633 (0.0016), respectively. The 1717-1GϾA mutation was the least frequent with an overall frequency of Ϸ1 in 6,700 among 60,191 screenees (or 0.00015). For the five mutations (W1282X, ⌬F508, G542X, 3849ϩ10kb CϾT, N1303K) for which over 117,000 AJ screenees were tested, a total of 4,498 carriers were identified (1 in 26 or 0.038). For D1152H and 1717-1GϾA, 235 and 9 carriers were detected among 44,530 and 60,191 screenees, respectively. Table 1 also shows the mutation frequencies reported in two previous studies involving over 6,000 AJ individuals tested for at least the five common AJ mutations. The results differed slightly from this study. This may be due to sampling effects when screening for less common mutations. Table 2 shows the remarkably similar percentage of total CFTR mutations detected for each of the seven routinely tested mutations in the DY and MSSM programs.
RESULTS
In addition to the six common AJ mutations, the MSSM program has tested since 2001 for the mutations in the recommended panel of 25 panethnic mutations. Among the over 2,300 AJ screenees tested, one screenee was identified who carried R117H, one carried G551D and two carried I148T. The two I148T carriers were tested for the 3199del6 mutation by direct sequencing and were found to be negative for this putative-disease causing mutation. 18 -20 In the DY program, over 7,000 100% AJ individuals were screened for up to 87 mutations and only one screenee was found to be an I148T carrier and another was an 1898ϩ1GϾA carrier. Five individuals from four families in the DY program were found to be compound heterozygotes for D1152H and W1282X (2 families), ⌬F508 (1), or 3849ϩ10kb CϾT (1) . Two individuals with the D1152H/W1282X genotype had digestive problems and growth retardation without significant pulmonary problems. Medical information on the other compound heterozygotes was not available. Table 3 shows the distribution of CFTR mutations among the 263 carriers identified from 7393 screenees who were Ͻ 100% AJ and simultaneously were tested for at least one other AJ recessive disease. The overall carrier frequency for the 13 CFTR mutations that were detected was 1 in 28.1. If D1152H was not included, the carrier rate was 1 in 29.8. The additional mutations that were detected were R117H (n ϭ 7), I148T (6), A455E (2), R334W (2), G551D (1), and R553X (1).
At MSSM, nine carrier couples were identified among the 100% AJ screenees, which was consistent with the number expected given the 1 in 23 to 1 in 26 CF carrier frequency in the AJ population. For DY, 133 incompatible potential matches were identified. The frequency of carrier couples in the DY program was lower than expected due to the several year lag time from testing to couples requesting results. At MSSM, 43 pregnancies were monitored during this period for AJ carrier couples. Twelve pregnancies carrying an affected fetus were found and all couples elected to terminate the pregnancies. Of the remaining 31 prenatal diagnoses, 24 fetuses were heterozygotes and seven did not carry either parental mutation. These results were consistent with the expected Mendelian ratios ( 2 ϭ 1.0, 2 df).
DISCUSSION
Carrier screening for prevalent autosomal recessive diseases in the AJ population began with Tay-Sachs disease in 1970. 12 The acceptance in the Jewish community was almost immediate, primarily because of the concerted educational and counseling efforts before screening. The Tay-Sachs carrier screening program has been enormously successful and is recognized as the prototype for the prevention of recessive diseases by preconceptual or prenatal carrier detection. 12, 13 In 1973, the MSSM prenatal carrier screening program began with TaySachs disease, added CF and Gaucher disease in 1992, and then increased its disease panel, as the common mutations were identified in prevalent Jewish genetic diseases. 16 Currently, the MSSM screening panel tests for nine AJ recessive diseases (TaySachs, CF, Gaucher, Canavan, Niemann-Pick Type A, Fanconi anemia, Bloom syndrome, familial dysautonomia, mucolipidosis IV). The MSSM program routinely screens both members of a couple in order to reduce anxiety over a pending pregnancy, because Ϸ1 in 5 screenees will be a carrier for one of the nine diseases.
DY, founded in 1983, was designed to meet the needs of the Orthodox Jewish community with the aim of preventing serious genetic diseases while upholding strict religious beliefs. DY offers genetic testing to youths with parental consent, with the majority of individuals being tested in high school or in a seminary. All testing is done confidentially and individuals are given a coded identification number when their sample is taken, and their birth date is recorded. If a couple is contemplating a marriage match, they provide their code numbers and birth dates to a central office. The members of the proposed match are informed whether they are compatible or not, and do not receive actual results if they are compatible. Therefore, most individuals who are CF carriers are not burdened with this information. However, if an incompatible potential match is identified, both individuals are informed of their carrier status and are provided with information about the disease. Counseling is provided to incompatible couples, if desired. This program has been highly successful in meeting its goal of preventing common genetic diseases in the religious AJ population.
Previous studies of AJ patients with CF indicated that screening for five mutations (W1282X, ⌬F508, G542X, 3849ϩ10kb CϾT, N1303K) would detect 97% of alleles causing CF in the AJ population. 11 Based on the data presented in this study, the largest dataset on AJ carrier screening reported to date, the CF carrier frequency in the 100% AJ population is about 1 in 26 for these five mutations ( Table 1 ). The overall CF carrier frequency and the frequencies of the individual mutations were virtually identical among the DY and MSSM screenees. Of note, the frequency and distribution of the CF mutations in the AJ carriers differed from those in non-Hispanic Caucasian CF patients 8 (Table 3) . For example, W1282X was the most prevalent mutation among Ashkenazi Jews, present in 46.4% of AJ carriers, whereas it was present in only 1.5% of non-Hispanic Caucasian CF patients. 8 ⌬F508, the most common mutation in non-Hispanic Caucasian CF pa- 21 Mutation 1717-1GϾA was included in the ACMG recommended CF panethnic mutation panel (0.7% of CF chromosomes) 8 so it was routinely tested as part of the MSSM program as well as most of the academic and commercial laboratories who now test the DY screenees. The overall frequency of 1717-1GϾA observed in this study was about 1 in 6700 carriers, a low, but acceptable frequency for inclusion in the AJ panel. Of note, this mutation was not detected when over 7000 Israeli Jews were screened. 3 When D1152H and 1717-1 GϾA were included, the overall AJ carrier frequency increased to 1 in 23.
When MSSM and DY testing laboratories introduced expanded screening panels, several other CF mutations were found among AJ screenees; these were R117H, G551D, I148T, and 1898ϩ1GϾA. Of interest, R117H and G551D represented 0.8 and 2.5% of alleles in the non-Hispanic Caucasian CF patients, respectively, 8 but were rare in the AJ population (each seen only once in over 2,300 screenees). In addition, three screenees were found to carry I148T. However, the two individuals identified at MSSM were found to be negative for the 3199del6 mutation that presumably is the disease-causing mutation in cis with the I148T variant. 18 -20 Of the five individuals identified by DY who were compound heterozygotes for D1152H and W1282X, ⌬F508 or 3849ϩ10kb CϾT, anecdotal information from the two individuals from one family with the D1152H/W1282X genotype indicated a mild form of CF. Information could not be obtained from the other families due to confidentiality. However, previous reports indicate that the D1152H mutation together with a classic CF mutation results in variant CF phenotypes, including an adult (D1152H/ ⌬F508) with mild pulmonary disease. 22 The D1152H/⌬F508 genotype also has been reported in four adults with mild pulmonary symptoms, two with Pseudomonas colonization, and another with pancreatic insufficiency. 23, 24 This mutation has also been observed in males with CBAVD. 25, 26 However, this mutation was present along with G542X in a fetus with hyperechogenic bowel loops and meconium ileus, suggesting a more severe course would occur in this case. 27 In contrast to the limited number of CFTR mutations that were detected in screenees who reported themselves to be 100% AJ, the distribution of CFTR mutations in the over 7,000 MSSM screenees who were of Ͻ 100% AJ descent differed significantly. Twelve of the 25 ACMG-recommended panethnic mutations were detected. Of interest, W1282X, which was the most prevalent mutation seen in the 100% AJ cohort (46.4% of CFTR mutations), was observed in 32.3% of the population with Ͻ 100% AJ descent. In contrast, ⌬F508 was the most common mutation detected (35.7% of mutations) in this group. Based on the proportion of these mutations in the two groups of screenees, it could be estimated that Ϸ30% of individuals who requested Jewish genetic disease screening probably were of mixed ancestry or the spouses in couples where one partner was of AJ descent.
Based on the results of these studies, it is recommended that premarital/prenatal carrier screening for CF be performed by testing the five common AJ CFTR mutations (W1282X, DF508, G542X, 3849ϩ10kb CϾT, N1303K), along with D1152H, for individuals who report that they are 100% AJ. Genetic counseling for at risk couples carrying D1152H and a classic CF mutation should include the latest clinical information about CF patients with the D1152H lesion for informed decision-making. Of note, the CF carrier frequencies were virtually the same among the DY Orthodox and MSSM AJ screenees who participated in the premarital and prenatal carrier screening programs, respectively. Approximately half of the MSSM 100% AJ screenees were also tested for the ACMG 25 panethnic mutation panel and only two had another mutation, excluding I148T. In contrast, when the MSSM screenees did not report 100% AJ descent, or when one member of the couple was not of AJ descent, the panel did identify other CF mutations. Therefore, in the later situations, it is recommended that the revised ACMG screening panel of 23 mutations and D1152H (with proper counseling) be used for CF carrier screening.
